1. Lifelong Brain Plasticity {#S0001}
============================

The old concept that the brain structures become unalterable after childhood has been deserted based on the evidence that all areas of the brain remain plastic in adulthood and during physiological ageing, with even some evidence for neurogenesis (Bütefisch [@CIT0011]). This capacity of a neural system to acquire or improve skills, and to adapt to new environments through a learning process has been labelled "neuroplasticity" (Rakic [@CIT0066]; Overman Carmichael [@CIT0061]; Zagrebelsky Korte [@CIT0086]). Neuroplasticity refers to the ability of the nervous system to change its structure and function, as part of the processes that underlie learning and memory, to adapt to environmental changes, and to recover function after brain lesions. In recent years, new techniques have been developed for the understanding and induction of human neuroplasticity. An important contribution has come from the introduction of non-invasive brain stimulation (NIBS) (Wassermann et al. [@CIT0083]; Kuo et al. [@CIT0038]; Marcos [@CIT0043]). The development of NIBS techniques to induce neuroplasticity constitutes a major breakthrough in our ability to study how changes in brain states account for behavioural changes such as motor performance.

2. Non-Invasive Brain Stimulation {#S0002}
=================================

Several NIBS strategies aimed at modifying corticomotor excitability have emerged in recent years. These include transcranial magnetic stimulation (TMS), repetitive TMS (rTMS) (Pascual-Leone et al. [@CIT0063]) which activates axons via short-pulsed stimulation and leads to new action potentials; and transcranial current stimulation (tCS) (Paulus [@CIT0064]), which uses ultra-low intensity current, to manipulate the membrane potential of neurons and modulate spontaneous firing rates, but is insufficient on its own to discharge resting neurons or axons. tCS is an umbrella term for a number of brain modulating paradigms such as transcranial direct current stimulation (tDCS) (Nitsche et al. [@CIT0048]; Kuo et al. [@CIT0038]) transcranial alternative current stimulation (tACS) (Antal et al. [@CIT0003]) and transcranial random noise stimulation (tRNS) (Terney et al. [@CIT0079]) ([Figure 1](#F0001){ref-type="fig"}).

![tCS paradigms. tDCS: transcranial direct current stimulation; tACS: transcranial alternative current stimulation; tRNS: transcranial random noise stimulation.](BCN-4-257-g001){#F0001}

Compared to TMS, tCS ([Figure 1A](#F0001){ref-type="fig"}) has a number of advantages. tCS has no or minimal side effects such as itching and burning sensations and it can be applied by an inexpensive battery-operated device which is very simple to operate (Jeffery et al. [@CIT0034]; Bolognini et al. [@CIT0009]), even by patients. tCS has a very long history in the literature with tDCS the most studied paradigm (Paulus [@CIT0064]).

Transcranial Direct Current Stimulation {#S20003}
---------------------------------------

tDCS has been receiving increased interest in recent years as a tool for modulating cortical excitability and motor performance in a range of clinical settings and experimental conditions. tDCS involves application of weak, direct current (1-2 mA) to the scalp via spongebased rectangular pads (nominally 25-35 cm2) (Webster et al. [@CIT0084]). This produces a sub-sensory level of electrical stimulation, which remains imperceptible by most people during its application. In a small percentage of participants it may cause minimal discomfort with a mild tingling sensation, which usually disappears after a few seconds (Nitsche et al. [@CIT0049]). Skin burn is another side effect of tDCS, which should be avoided. A minor flaw in application of the technique such as small electrode size can easily result in skin burns.

The applied current modifies the transmembrane neuronal potential and thus influences the level of excitability (Nitsche et al. [@CIT0047]). The nature of these modulations depends on tDCS polarity, which may increase or decrease corticospinal excitability (CSE) (Nitsche et al. [@CIT0049]). Anodal tDCS (a-tDCS), application of anode over cortical target area (i.e. primary motor cortex), increases CSE and Cathodal tDCS (c-tDCS), application of cathode over cortical target area, decreases CSE. In both cases the reference electrode could be placed on the opposite supraorbital area ([Figure 2](#F0002){ref-type="fig"}). This is just one of the most applicable type of montages.

![Anodal (A) and cathodal-tDCS (B) of primary motor cortex.](BCN-4-257-g002){#F0002}

The respective changes evolve during tDCS, remain for up to 1 hour after it ceases (Nitsche Paulus [@CIT0056]; Nitsche et al. [@CIT0049]). These effects are probably intracortical. This was evidenced by increase in the size of TMSinduced MEPs and no changes in transcranial electrical stimulation (TES)-induced MEPs which are indicators of spinal changes (Nitsche Paulus [@CIT0055]; Nitsche Paulus [@CIT0056]; Nitsche et al. [@CIT0049]). tDCS can be used as a standalone paradigm or as an add-on paradigm to prime the effects of motor training (Hummel et al. [@CIT0028]; Hesse et al. [@CIT0027]).

Effects of Motor Cortex Stimulation on Motor Skill Learning {#S20004}
-----------------------------------------------------------

Precise motor performance is essential to almost everything we do, from typing, to driving, to playing sports. Having a motor skill implies a level of performance in a given task that is only achievable through practice and motor learning. Motor learning is always associated with enhancement of M1 corticospinal excitability (Pascual-Leone et al. [@CIT0062]; Muellbacher et al. [@CIT0045]), which refers to both practice-related expansions in cortical representation area(s) of the involved muscles and increases in its strength of activations (Poldrack [@CIT0065]). This increase is caused by recruitment of additional cortical units, which is evidenced by increase in size of TMS induced MEPS (Poldrack [@CIT0065]). NIBS techniques facilitate motor skill learning by increasing the corticospinal excitability. Evidence from recent studies suggests links between a-tDCS induced corticospinal excitability, skill learning (Boggio et al. [@CIT0008]; Galea Celnik [@CIT0023]; Hunter et al. [@CIT0032]; Reis et al. [@CIT0068]) Bastani Jaberzadeh [@CIT0004] and motor performance (Nitsche et al. [@CIT0049]; Hummel et al. [@CIT0030]). Therefore, understanding of the interaction between modulations of corticospinal excitability and motor learning is critical for clinical approaches. A growing number of studies have shown added effects of a-tDCS for improvement of motor learning in healthy adults (Nitsche et al. [@CIT0049]; Fregni et al. [@CIT0020]; Hummel et al. [@CIT0028]; Fregni et al. [@CIT0021]; Hummel Cohen [@CIT0029]; Fregni Pascual-Leone [@CIT0022]; Matsuo et al. [@CIT0044]). Within-session performance improvements (online effects) occur in the minutes of a single training session and continue over days and weeks of repeated training sessions (offline effects) (Reis et al. [@CIT0068]). This improvement can be retained to varying degrees over weeks to months after the completion of training (long-term retention) (Savion- Lemieux Penhune [@CIT0071]).

Priming the Effects of Motor Training Paradigms {#S20005}
-----------------------------------------------

Literature indicates that, there has been an effort to prime training strategies after brain lesions such as constraint-induced movement therapy, bilateral arm training, mirror and randomised training schedules or robotic-based approaches (Cauraugh Kim [@CIT0012]; Wittenberg et al. [@CIT0085]; Luft et al. [@CIT0042]; Summers et al. [@CIT0076]; Cramer [@CIT0015]; Lo et al. [@CIT0041]; Tanaka et al. [@CIT0077]). Additionally, new technical approaches have been proposed to facilitate the beneficial effects of training on motor skill learning in the setting of rehabilitation interventions like somatosensory stimulation (Conforto et al. [@CIT0013]) and non-invasive brain stimulation techniques, such as transcranial tDCS. Within the past two decades these techniques have been used to explore possible causal relations between activity in specific brain areas and particular behaviours (Hallett [@CIT0026]; Nitsche et al. [@CIT0047]). Improved understanding of the involvement of a brain region in a type of behaviour was followed by attempts to modulate activity in specific cortical areas with the goal to enhance motor performance (Hummel et al. [@CIT0028]; Hummel Cohen [@CIT0029]; Webster et al. [@CIT0084]; Fregni Pascual-Leone [@CIT0022]; Reis et al. [@CIT0067]; Tanaka et al. [@CIT0078]). Research studies in patients suffering from chronic stroke showed that a-tDCS on M1 of the affected hemisphere can beneficially influence motor performance of the paretic hand (Fregni et al. [@CIT0020]; Hummel et al. [@CIT0028]) (Hummel et al. [@CIT0031]; O\'Shea et al. [@CIT0060]). Similar effects are also reported in the subacute stage of the post stroke patients (Kim et al. [@CIT0035]). Refer to review by Gomez Palacio Schjetnan (2013) and Bastani and Jaberzadeh (2012) for further details (Bastani Jaberzadeh [@CIT0004]; Gomez Palacio Schjetnan et al. [@CIT0025]).

The Effects of Electrode Size and Electrode Montage {#S20006}
---------------------------------------------------

One important parameter in tDCS is electrode montage. In fact one of the reasons for the lack of significant effects for early tDCS studies (before the 90s) is electrode montage that result in lack of significant current being applied over the targeted cortical areas (Murphy et al. [@CIT0046]). Nitsche and Paulus showed that tDCS-induced cortical excitability depends on the location of the electrodes (Nitsche Paulus [@CIT0055]). During tDCS, electrodes are placed and secured to the scalp over the desired areas and current are delivered to the underlying cortical tissue. The direction of current flow determines the effects on the underlying tissue. Anodal tDCS, using the anodal electrode over M1 and the cathodal electrode over the contralateral supra orbital area, enhances cortical excitability, which increases the amplitude of motor evoked potentials (MEPs). On the other hand, cathodal tDCS, with the cathodal electrode over M1, shows the opposite effect (Nitsche Paulus [@CIT0055]). Similar results were obtained in a modelling study (Wagner et al. [@CIT0082]).

The spatial focality (targeting) of tDCS is considered pivotal for efficacy and safety in many biomedical applications. Focality is limited, in part, by the electrode size used. Traditional tDCS designs include two sponge-based electrodes, saturated with saline and connected to the stimulator via conductive rubber electrodes. The electrode on the target area is called active electrode and the one, which is usually placed on the contralateral supraorbital area, is called indifferent electrode. Decreasing active electrode size can improve spatial focality which may enhance cortico-plasticity (Bastani Jaberzadeh [@CIT0005]). Indeed, by using smaller active electrodes we may avoid some inhibitory effects from stimulation of nearby cortical areas that might be functionally connected to M1 (Bastani Jaberzadeh [@CIT0005]). Literature also indicates that, there are other methods that have been utilised to improve stimulation focality. Array electrodes and tripolar-electrodes configuration are among such examples (Datta et al. [@CIT0016]). On the other hand, any decrease in electrode size, increases current density (Nitsche et al. [@CIT0048]; Datta et al. [@CIT0016]), which increases concerns related to safety issues such as skin irritation.

Inter hemispheric competition (rivalry model) and intra-hemispheric cortico-cortical connections (functional connectivity model) provide a number of tDCS strategies which could be used to promote M1 excitability and enhance motor performance (Nitsche et al. [@CIT0049]; Boggio et al. [@CIT0008]; Vines et al. [@CIT0081]; Vines et al. [@CIT0080]; Lindenberg et al. [@CIT0040]). Interhemispheric rivalry assumes that any increase in motor performance may arise from excitation of contralateral cortex and inhibition from the ipsilateral cortex. Hence, motor performance might be facilitated by upregulating the excitability of the contralateral motor cortex through anodal tDCS or by downregulating the excitability of the ipsilateral motor cortex through cathodal tDCS (Nitsche et al. [@CIT0049]; Boggio et al. [@CIT0008]; Vines et al. [@CIT0081]; Vines et al. [@CIT0080]; Lindenberg et al. [@CIT0040]). This is the basis for dual stimulation technique. The concept of functional connectivity is viewed as central for understanding the organized behaviour of anatomic regions in the brain during their activity (Kirimoto et al. [@CIT0036]). This organization is thought to be based on the interaction between different and differently specialized cortical sites. For example, motor association cortex has inhibitory effects on M1 (Kirimoto et al. [@CIT0036]) while premotor cortex facilitates M1 by reducing short-interval intracortical inhibition (Boros et al. [@CIT0010]). Although these previous neurophysiological and modelling studies provided important insights regarding the optimal location for electrode placement it is critical to systematically test for different montages with different electrode sizes.

tDCS Safety {#S0007}
===========

Safety of brain stimulation depends on the strength of current, the size of the electrodes and the duration of the stimulation (Nitsche et al. [@CIT0049]; Iyer et al. [@CIT0033]). In an MRI study, it was found that tDCS protocols, which are known to result in cortical excitability changes persisting for an hour post-stimulation, did not induce brain edema or alterations of the blood--brain barrier or cerebral tissue (Nitsche et al. [@CIT0053]). The only main published safety study of DC stimulation, evaluated 103 subjects, (Iyer et al. [@CIT0033]) found no adverse effects on cognitive and psychomotor measures, nor EEG changes during or after 20 min of treatment. In a double-blind, sham-controlled study (Gandiga et al. [@CIT0024]) it has been shown that comparing tDCS and sham stimulation of the motor cortex elicited minimal discomfort and difference in the duration of tingling sensations. This study concluded that there have been no differences in self-rated attention or fatigue, or investigators could not distinguish real tDCS from sham.

Mechanisms of tDCS-Induced Neuroplasticity {#S20008}
------------------------------------------

Weak tDCS with a homogenous DC field at intensities of around 1 mA induces long-lasting changes in the brain. tDCS can be used to manipulate brain excitability via membrane polarisation: cathodal stimulation hyperpolarises, while anodal stimulation depolarises the resting membrane (Bindman et al. [@CIT0006]; Nitsche et al. [@CIT0049]). The induced after-effects of tDCS depend on Nmethyl-d-aspartate (NMDA) receptor efficacy changes (Liebetanz et al. [@CIT0039]). There is also evidence for both GABAergic (Nitsche et al. [@CIT0053]) and dopaminergic modulation of tDCS-induced effects (Nitsche et al. [@CIT0050]). Relevant mechanisms underlying these after-effects include synaptic long-term potentiation (LTP) and long term depression (LTD) (Cooke Bliss [@CIT0014]).

Intracortical inhibition and facilitation were prominently modulated by tDCS (Nitsche et al. [@CIT0059]). For the short-lasting after-effects (7 min tDCS), inhibition was diminished and facilitation increased by anodal tDCS, whereas the effect of cathodal tDCS was the reverse. This result fits well with the fact that the after-effects of tDCS as well as intracortical inhibition and facilitation are at least partly controlled by NMDA receptor activity (Ziemann et al. [@CIT0087]; Nitsche et al. [@CIT0049]). Essentially, the results are identical for the long-lasting after-effects (9 or 13 min tDCS) (Nitsche et al. [@CIT0059]).

A variety of other parameters influence tDCS effects. Co-application of neuropharmacologically active drugs may most impressively prolong or even reverse stimulation effects (Nitsche et al. [@CIT0049]; Kuo et al. [@CIT0037]). For example, administration of the NMDA antagonists decreased while GABA antagonists increased the tDCS effects (Nitsche et al. [@CIT0053]). These findings provide evidence for involvement of these receptors in induced changes.

Other tCS Paradigms {#S0009}
===================

Transcranial Alternating Current Stimulation (tACS) {#S20010}
---------------------------------------------------

tACS ([Figure 1B](#F0001){ref-type="fig"}) is another brain stimulation approach which involves application of alternating current through the skull over the target cortex of the brain (Antal et al. [@CIT0003]). In this paradigm sinusoidally applied transcranial alternating current allows manipulation of intrinsic cortical oscillations with externally applied electrical frequencies. Of course, any combination of any frequency is possible. Motor learning under an implicit motor learning paradigm (Nitsche et al. [@CIT0049]) was however better with 250 than with 140 Hz.

Transcranial Random Noise Stimulation (tRNS) {#S20011}
--------------------------------------------

This paradigm ([Figure 1C](#F0001){ref-type="fig"}) is a form of tACS applied at random frequencies between 0.1 and 640 Hz, which can lead to an increase in performance of implicit motor or perceptual learning tasks (Terney et al. [@CIT0079]; Ambrus et al. [@CIT0002]; Fertonani et al. [@CIT0018]; Saiote et al. [@CIT0070]). Its effects on cortical excitability have also been shown to depend on the frequency range used for stimulation: high-frequency tRNS (101--640 Hz) increases cortical excitability whereas low-frequency tRNS (0.1--100 Hz) does not induce significant alterations (Terney et al. [@CIT0079]).

A consistent CSE increase lasting at least 60 minutes, was induced by 10 minutes of tRNS (Terney et al. [@CIT0079]). This effect may either be attributed to the repeated opening of NA channels or to a higher sensitivity of neuronal networks to field modulation than the average single neuron threshold (Francis et al. [@CIT0019]).

Advantages of this technique compared to tDCS include it\'s insensitivity to electrode polarity and further reduction of skin sensations under the electrodes during stimulation. It is also easier to blind than tDCS (Ambrus et al. [@CIT0001]).

Limitations of Current State of Knowledge {#S0012}
=========================================

Although a considerable body of research has demonstrated the effects of tDCS paradigms in humans on cortical excitability and motor performance, there are considerable limitations with the studies that have been done to date.While the neural substrates of motor skill learning involve functional changes in a distributed network that includes the primary motor cortex (M1), premotor cortex (PMC), supplementary motor area (SMA), somotosensory cortex (S1), dorsolateral prefrontal cortex (DLPFC), posterior parietal cortex (PPC), cerebellum, thalamic nuclei, and the striatum (Bo et al. [@CIT0007]; Shadmehr Krakauer [@CIT0073]; Doyon et al. [@CIT0017]; Seidler [@CIT0072]), most tDCS studies carried out so far have focused on efforts to only modulate activity within M1. The impact of cortical functional connectivity on motor learning and motor performance has not been fully understood yet.Minimal research has investigated whether the effect of tDCS depends on what motor training paradigm is associated with.Different paradigms of tCS (tDCS, tACS and tRNS) have developed in isolation from each other and no comparative studies have looked at whether or one or more of these plasticity paradigms have greater or lesser effects than the others.Of particular relevance to neurorehabilitation is the finding of increased tDCS after effects with repetitive stimulation over days (Reis et al. [@CIT0068]). Thus, the most efficient training protocols may turn out to be daily repetitions, further optimised with repetitive tDCS applications. Thus far little attention has been directed to the importance of daily repetition of tDCS sessions, number and interval between sessions.Only a few studies have actually attempted to understand the mechanisms through which these paradigms change cortical activity (Nitsche et al. [@CIT0049]; Stagg et al. [@CIT0074]; Stagg Nitsche [@CIT0075]). However, scientific rigor of double-blinded, randomised controlled trials was not carefully followed.

These limitations substantially inhibit the translation of the findings of this basic research into clinical applications. Where clinical applications have been developed, the choice of tCS paradigm and parameters has been rather idiosyncratic as opposed to being driven by knowledge of the effects of these stimulation parameters on brain function. Clearly, improving our knowledge of optimal tCS parameters and mechanisms would markedly enhance our capacity to develop effective clinical interventions.
